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ABSTRACT
We resolve a significant fraction of globular clusters (GCs) in NGC 4921, the brightest spiral galaxy
in Coma. Also we find a number of extended bright star clusters (star complexes) in the spur region
of the arms. The latter are much brighter and bluer than those in the normal star-forming region,
being as massive as 3 × 105M⊙. The color distribution of the GCs in this galaxy is found to be
bimodal. The turnover magnitudes of the luminosity functions (LF) of the blue (metal-poor) GCs
(0.70 < (V − I) ≤ 1.05) in the halo are estimated to be V (max) = 27.11 ± 0.09 mag and I(max) =
26.21 ± 0.11 mag. We obtain similar values for NGC 4923, a companion S0 galaxy, and two Coma
cD galaxies (NGC 4874 and NGC 4889). The mean value for the turnover magnitudes of these four
galaxies is I(max)= 26.25 ± 0.03 mag. Adopting MI(max) = −8.56 ± 0.09 mag for the metal-poor
GCs, we determine the mean distance to the four Coma galaxies, 91 ± 4 Mpc. Combining this and
the Coma radial velocity, we derive a value of the Hubble constant, H0 = 77.9± 3.6 km s
−1 Mpc−1.
We estimate the GC specific frequency of NGC 4921 to be SN = 1.29± 0.25, close to the values for
early-type galaxies. This indicates that NGC 4921 is in the transition phase to S0s.
Subject headings: galaxies: spiral — galaxies: clusters: individual (Coma, NGC 4921, NGC 4923, NGC
4874, and NGC 4889) — galaxies: star clusters: general — galaxies: distances and
redshifts
1. INTRODUCTION
NGC 4921 is the brightest spiral galaxy (SB(rs)ab)
in the Coma cluster (de Vaucouleurs et al. 1991). It is
only 0.5 mag fainter than NGC 4889, a cD galaxy in
Coma, and is as bright as M87, a cD galaxy in Virgo.
It hosts an AGN, and has an S0 companion, NGC 4923
((R)SA(r)0-?), at 2.′6 southeast of NGC 4921. Table 1
lists the basic information of NGC 4921 and NGC 4923.
The heliocentric radial velocity of NGC 4921, 5482 km
s−1, is somewhat smaller than that of the Coma clus-
ter, 6925 km s−1(Struble & Rood 1999). Thus it has
been considered that NGC 4921 is infalling to the Coma
cluster (Vikhlinin et al. 1997; Brown & Rudnick 2011;
Andrade-Santos et al. 2013).
NGC 4921 is, as well as NGC 4569 (M90) in Virgo, a
prototype of anemic spiral galaxies introduced in the re-
vised DDO classification system (van den Bergh 1976).
Anemic spiral galaxies have smooth spiral arms whose
surface brightnesses are much fainter than those of nor-
mal spiral galaxies. They contain little gas. These facts
indicate that star formation activity in these galaxies is
much lower than those in normal spiral galaxies with
the similar subclass. Since these anemic galaxies are
found in galaxy clusters like Virgo and Coma, it has been
considered that anemic galaxies lost a significant frac-
tion of gas due to the environmental effects such as ram
pressure stripping and tidal stripping (see van den Bergh
(1976); Vikhlinin et al. (1997) and Kenney et al. (2015)).
van den Bergh (1976) noted that NGC 4921 has an ex-
tremely red color among the spiral galaxies with simi-
lar luminosity in Virgo, and pointed out that gas deple-
tion was more severe in Coma than in Virgo. Recently
Kenney et al. (2015) presented a strong evidence based
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on the HI map suggesting that ram pressure is acting on
the gas in this galaxy.
Modern wide field surveys found that the color-
magnitude diagram of nearby galaxies shows two ma-
jor populations, a red sequence and a blue cloud, which
are connected by a green valley (Blanton & Moustakas
(2009) and references therein). Recent studies using a
large number of galaxies suggest that red spiral galaxies
are in the transition phase from the blue cloud to the red
sequence (Tojeiro et al. (2013); Smethurst et al. (2015);
Lee et al. (2015) and references therein). NGC 4921, be-
cause of its proximity to us, provides a snapshot showing
the details of this transition phase of galaxy evolution.
Although NGC 4921 has anemic arms, it shows a num-
ber of impressive spurs (or outgrowths) associated with
bright star clusters in its western arms. Carlqvist (2013)
and Kenney et al. (2015) studied the morphology of
these spurs, but suggested different scenarios to explain
the origin of these spurs. Tikhonov & Galazutdinova
(2011) presented V I photometry of star clusters in NGC
4921 and NGC 4923, derived from the Hubble Space
Telescope (HST)/Advanced Camera for Surveys (ACS)
archival images. They found several thousand GC candi-
dates in NGC 4921, which is an order of magnitude more
than the number of GCs found in normal spiral galaxies
like the Milky Way Galaxy and M31. They noted that
the color distributions of the GCs in NGC 4921 and in
NGC 4923 are bimidal. From the luminosity functions of
these GCs (GCLFs), they estimated a distance of 97± 5
Mpc to the pair of NGC 4921 and NGC 4923.
Tikhonov & Galazutdinova (2011) used only a fraction
of the archival images of NGC 4921 and selected only
point sources in the images for their study, assuming that
all GCs in these galaxies are starlike in the ACS images.
However, the ACS images we produced as described in
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TABLE 1
Basic Parameters of NGC 4921 and NGC 4923
Parameter NGC 4921 NGC 4923 Reference
R.A.(2000) 13h01m26.s1 13h01m31.s8 RC3
Dec(2000) 27◦53′10′′ 27◦50′51′′ RC3
Type SB(rs)ab (R)SA(r)0 RC3
Distance moduli, (m−M)0 34.73 ± 0.14 34.93 ± 0.26 This study
Distance , d [Mpc] 88.3± 5.8 96.8± 11.4 This study
Foreground extinction, AB, AV , and AI 0.035, 0.027, and 0.015 0.033, 0.025, 0.014 Schlafly & Finkbeiner (2011)
Total magnitude, BT 13.04 ± 0.15 14.67 ± 0.13 RC3
Total color, BT − V T 0.87± 0.02 0.95± 0.01 RC3
Ellipticity, e = (a − b)/a 0.11± 0.09 0.00± 0.16 RC3
B absolute magnitude, MB = −21.72 ± 0.21 MB = −20.29 ± 0.29, RC3, This study
V absolute magnitude, MV = −22.59± 0.21 MV = −21.24± 0.29, RC3, This study
Position angle 164 deg (B), 135 deg (K) No data in RC3 RC3
R25(B) 75.′′0× 60.′′0 34.′′49 × 26.′′9 NED
Rtotal(K) 105.
′′2× 84.′′2 32.′′2× 23.′′83 NED
Heliocentric velocity, vh 5482± 4 km s
−1 5484 ± 8 km s−1 RC3, NED
the next section have a higher spatial resolution than
those used in Tikhonov & Galazutdinova (2011), and
they show a number of compact sources that appear as
slightly extended sources. Most of these sources are prob-
ably GCs in NGC 4921 and in NGC 4923. In addition
these images show a number of young star clusters and
star complexes that are more extended than the GCs,
which were not studied in Tikhonov & Galazutdinova
(2011).
In this study we resolve the GCs and extended star
clusters in NGC 4921 and NGC 4923, taking advantage
of the high resolution ACS images produced via driz-
zling, and investigate their properties in detail. The
main goals of this study are as follows. First, we investi-
gate various properties of the subpopulations in the star
cluster systems of NGC 4921 and NGC 4923. Second,
we study the photometric properties of the star clusters
forming in the spur region of NGC 4921 in comparison
with those in the normal star-forming region to find any
difference between the two. Third, we derive the GCLFs
for these galaxies, and use them to estimate the dis-
tances to these galaxies. In particular, we use the LF for
blue (metal-poor) GCs for distance determination, while
previous studies on Coma galaxies are based on mostly
the LFs for the entire GC samples (Kavelaars et al.
2000; Woodworth & Harris 2000; Harris et al. 2009;
Tikhonov & Galazutdinova 2011). The distance to the
Coma cluster is not yet well-determined (Carter et al.
2008). The rich GC systems in NGC 4921, NGC 4923,
and Coma cD galaxies enable us to derive reliable dis-
tances to these galaxies, which is useful in determining a
mean distance to Coma and a value of the Hubble Con-
stant.
This paper is composed as follows. In Section 2 we
describe the data we use and how we select star clus-
ter candidates. §3 presents color-magnitude diagrams of
the GCs in NGC 4921 and in NGC 4923, and young
star clusters and star complexes in the spur region and
star-forming region in NGC 4921. We show color distri-
butions of the GCs in NGC 4921 and in NGC 4923. We
derive GCLFs for these two galaxies. Then we present
the spatial and radial distribution of the GCs in compar-
ison with the surface brightness profiles of NGC 4921. In
§4 we determine the distances to these galaxies using the
GCLFs, and present similar results for two cD galaxies
in Coma. Using the mean distance to these four Coma
galaxies, we measure the value of the Hubble Constant.
We estimate the specific frequency of the GCs in NGC
4921 and discuss it in context of morphological trans-
formation. Furthermore we discuss implications of the
results on the spur clusters in relation with the origin of
the spurs. Primary results are summarized in the final
section.
2. DATA AND DATA REDUCTION
We used F606W and F814W images of NGC 4921
(PID: 10842) from the HST archive. These images in-
clude part of a north-west region of NGC 4923. We
then produced master images of each filter using the
STScI/drizzle package as described in Jang & Lee (2014,
2015). We adopted a pixel scale of 0.′′03 (corresponding
to 12.8 pc at the distance of 88 Mpc), and a pixfrac value
of 0.7. The parameter pixfrac represents the ratio of the
linear size of the finer pixel (called a drop) to the input
pixels linear size before geometric distortion corrections.
Total exposure times for the drizzled images are 62,240
s for F606W and 37,344 s for F814W.
Note that Tikhonov & Galazutdinova (2011) used only
15 F606W images (with a total exposure time of 37,350
s) and 10 F814W images (with a total exposure time
of 25,020 s), because the remaining images were ob-
tained in different spatial orientations. We used all
the ACS images of NGC 4921 available in the archive,
because the drizzle package can combine images ob-
tained with different spatial orientations. Thus, the im-
ages used in this study have higher spatial resolution
and can reach deeper photometry than those used by
Tikhonov & Galazutdinova (2011).
Figure 1 displays a pseudo-color image of NGC 4921
we made by combining the images for each filter. The
diffuse emission in the south-east region of the field rep-
resents the outer region of NGC 4923 whose center is 2.′6
to the south-east direction from the NGC 4921 center.
Several spurs are seen along the dark dust lanes in the
western region of the disk, and a significant number of
bright knots (which are star clusters or complexes) are
found close to the spurs and dust lanes. We selected a
spur region where several dark cloud spurs are seen to
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Fig. 1.— Color images of NGC 4921. (Top left) Identification of stacked HST fields (solid solid line) overlayed on the 6′ × 6′ SDSS
image. The bright galaxy to the south-east is NGC 4923 (S0). (Middle) A color image of the HST Field. F814W is red, F606W is green,
and (2×F606W–F814W) is blue. North is up, east to the left. (Bottom left) A zoom-in view of Star-forming Region A. (Bottom right) A
zoom-in view of the spur region where bright star clusters are lying in the boundary of dust lanes and spurs. Circles represent the detected
sources along the dark lanes and spurs. Arrows denote the scales.
study these bright sources. In addition, we selected a
normal star-forming region in the southern region of the
disk, Star-forming Region A, for comparison, as marked
in Figure 1 and shown by the zoomed-in images.
We used DAOPHOT in IRAF to detect the sources in
the images and obtained their magnitudes with point-
spread function (PSF) fitting (Stetson 1994). We
adopted a 3σ threshold for source detection. We trans-
formed the instrumental magnitudes of the sources onto
the standard Johnson-Cousins V I system in the Vega
magnitude system using the information in Sirianni et al.
(2005). Finally, we carried out a careful visual inspec-
tion of the images of 7,068 detected sources with V ≤ 28
mag, and removed 2,766 sources that appeared to be arti-
facts, background galaxies, or irregular structures. Only
4,302 sources with V ≤ 28 mag were used in the follow-
ing analysis related with colors. Additional faint sources
with 28 < V ≤ 29 mag were included for the analysis
of the star clusters in the star-forming region and the
GCLFs.
2.1. Photometry of Star Clusters
At the distance of Coma, GCs are expected to ap-
pear as point sources in individual HST images. Con-
sidering this, Tikhonov & Galazutdinova (2011) selected
star-like sources in their study of GCs in NGC 4921.
However, we noted that many GCs are slightly resolved
in our master drizzled images. We measured the con-
centration index (C) of the detected sources, which is
defined as the difference between the small and large
aperture magnitudes (aperture radii of 0.′′035 and 0.′′109):
C = mag(r = 0.′′035) −mag(r = 0.′′109). We measured
the values of C in the F814W -band image to avoid con-
tamination by Hα emissions in the star-forming regions
in the F606W -band image.
Figure 2 displays the distribution of the measured
C values of the detected sources with V ≤ 27 mag,
against V magnitudes (a), DAOPHOT sharpness param-
eter measured in the F814W -band image (b), effective
radii (reff) (c), and their histograms (d). We mea-
sured the effective radii of only the bright sources with
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Fig. 2.— Concentration index (C) of the detected sources with
V < 27 mag measured from the F814W -band vs. (a) V -band
magnitudes, (b) F814W -band sharpness, and (c) F814W -band ef-
fective radii. In each panel, filled pentagons, crosses, and open
pentagons denote the blue sources with (V − I) ≤ 0.7, GC-like
color sources with 0.7 < (V − I) ≤ 1.4, and red sources with
1.4 < (V − I) ≤ 3.0, respectively. The concentration index dis-
tributions for the sources with different colors are represented by
hatched, filled dashed-lined, and filled histograms, respectively, in
panel (d). Note that there is a strong concentration with a peak at
C ≈ 1.37, which is mainly composed of resolved GCs. We divided
the sources into three groups: point sources (C ≤ 1.32), compact
sources (1.32 < C ≤ 1.5), and extended sources (1.5 < C ≤ 2.2).
We selected the sources with C ≤ 1.5 as GC candidates.
V ≤ 27 mag using ISHAPE (Larsen et al. 2001), avoid-
ing large errors in the size estimations for fainter sources.
In this figure, we plotted the sources with blue colors
((V − I) ≤ 0.7), GC-like colors (0.7 < (V − I) ≤ 1.4),
and red colors (1.4 < (V − I) ≤ 3.0) using filled pen-
tagons, crosses, and open pentagons, respectively.
The histogram of the sources with GC-like colors shows
a strong peak at C ∼ 1.37, and a long weak tail towards
large values of C. On the other hand, the histogram
of the sources with blue colors shows a much broader
distribution, showing that most of the blue sources are
larger than the GC-like sources. The histogram of the
sources with red colors shows two components: one nar-
row component with a peak at C ∼ 1.28 which consists
of unresolved sources, and one weak broad component
at large values of C. Therefore we divide the detected
sources according to their C values into three groups:
point sources with C ≤ 1.32, slightly extended sources
with 1.32 < C ≤ 1.5, and more extended sources with
1.5 < C ≤ 2.0. The point sources are mostly unresolved
star clusters in NGC 4921 and foreground stars. The
slightly extended sources are the major population of
the bright detected sources. They are mostly resolved
GCs (with C ≤ 1.5 and reff ≤ 10 pc) in NGC 4921. We
call them compact sources hereafter. The C values of
the point and compact sources with GC-like colors show
strong correlations with sharpness and reff . The more ex-
tended sources are mostly blue and they are young star
complexes (with reff > 10 pc) in NGC 4921, and we call
them extended sources hereafter.
In the case of the compact and extended sources, we
derived their total magnitude using the aperture correc-
tion method based on the relation between the aperture
correction (∆ = mag(PSF ) − mag(0.′′5)) and C as de-
scribed in Lim et al. (2013). We derived a relation using
the bright isolated round sources: ∆I = 1.42×C − 1.92
with rms=0.1 (for 1.32 < C ≤ 2.0). We adopted a con-
stant value of 0.9 mag for the large extended sources
with C > 2.0, but the number of these sources is very
little. In the case of the GCs in the sample defined in this
study, the value for aperture correction is very small: a
mean correction value is 0.03 mag for C ∼ 1.37, and the
maximum correction value is 0.21 mag for C ∼ 1.50.
We performed a test to estimate the completeness of
our photometry for GC candidates (compact sources),
using artificial sources. We selected 24′′×12′′ rectangular
fields in the bulge (R ≤ 17′′) and halo (R > 70′′) regions
in NGC 4921. We added 1,000 artificial compact sources
with C ∼ 1.37 and (V − I) = 0.9 and 1.1 into each rect-
angular field in each image, and repeated this procedure
1000 times to generate 1000 images for each filter. Thus
the total number of added artificial sources is 1,000,000
in each rectangular field for each filter. We derived pho-
tometry of these sources using the same procedure as
used previously. The recovery rate (completeness), the
ratio of the number of detected sources to that of the
added sources, is calculated as a function of magnitude.
Figure 3 shows the results of this test for the bulge
and halo regions. The completeness limits for 50% com-
pleteness are at V = 28.1 mag and 29.5 mag (I = 27.1
mag and 28.5 mag for (V − I) = 1.0) for the bulge and
halo regions, respectively. The mean differences in the
magnitude and color between the added sources and the
detected sources are also plotted, which are smaller than
0.1 mag for V ≤ 29 mag for the halo region.
3. RESULTS
3.1. Color-Magnitude Diagrams
We divided the HST field into four regions for anal-
ysis: (a) the NGC 4921 bulge region including the
bar (6′′ < R ≤ 17′′), (b) the NGC 4921 disk re-
gion (17′′ < R ≤ 70′′), (c) the NGC 4921 halo region
(R > 70′′ and RN4923 > 1
′), and (d) the NGC 4923
region (RN4923 ≤ 1
′), where R and RN4923 are the pro-
jected angular distances in the sky from the centers of
NGC 4921 and NGC 4923, respectively. The central re-
gion at R ≤ 6′′ has a high background brightness and a
high incompleteness of detection so it was not used for
analysis.
In Figure 4 we display the color-magnitude diagrams
(CMDs) of the detected sources with V ≤ 28.0 mag in
the four regions. We plotted the point sources, compact
sources (slightly extended sources), and extended sources
by filled circles, open pentagons, and open triangles, re-
spectively. Several notable features are found in this fig-
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Fig. 3.— Completeness of the photometry for the compact sources (with C = 1.37) in the bulge and halo regions of NGC 4921. (a)
Recovery rates for the red ((V − I) = 1.1) GC-like sources in the bulge region. (d) Recovery rates for the blue ((V − I) = 0.9) and red
GC-like sources in the halo region. (b,c,e,f) Differences in V and (V − I) (inputs minus outputs) vs. input V magnitudes for the bulge and
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Fig. 4.— CMDs for the detected sources in the (a) bulge
(6′′ < RN4921 ≤ 17
′′), (b) disk (17′′ < RN4921 ≤ 70
′′), and
(c) halo (RN4921 > 70
′′) of NGC 4921. (d) CMD for the re-
gion (RN4923 ≤ 1
′) of NGC 4923. Filled circles, open pentagons,
and open triangles represent point sources (C ≤ 1.32), compact
sources (slightly extended sources, 1.32 < C ≤ 1.5), and extended
sources (1.5 < C ≤ 2.2), respectively. Note that compact sources
are mostly GCs, and extended bright sources are mostly young star
clusters and complexes in NGC 4921.
ure. First, the most distinguishable feature is a narrow
vertical structure reaching V ≈ 24.0 (MV ≈ −10.7) mag
at (V − I) ≈ 1.0, seen in all four regions. This is com-
posed mostly of compact sources. Their colors are similar
to those of the GCs in the Milky Way. This vertical com-
ponent mainly represents the GCs in NGC 4921 and in
NGC 4923, typically seen in the CMDs of the GCs in
early-type galaxies. Second, in the disk region, there are
a number of blue and bright sources, reaching V ≈ 22.7
(MV ≈ −12.0) mag, more than one magnitude brighter
than the brightest GCs in the same region. They consist
mostly of extended sources. They are young star clusters
and star complexes. The blue point sources are mostly
fainter than V ≈ 26.0 (MV ≈ −8.7) mag and they are
probably unresolved star clusters or blue supergiants in
NGC 4921. Third, in the halo region, there are 37 com-
pact sources and 137 extended sources that are bluer
than the GCs ((V − I) < 0.7). They are mostly back-
ground galaxies. Fourth, the GCs in NGC 4923 show a
GC sequence as narrow as the one in the halo region of
NGC 4921. Sixteen extended sources bluer than the GCs
in this region are most likely background galaxies.
3.1.1. Star Clusters and Complexes in the Spur Region
and Star-forming Region A
In Figure 5 we plot the CMDs of the sources de-
tected in the spur region and Star-forming Region A,
as marked in Figure 1. We have also overlayed simple
stellar population (SSP) models with solar metallicity
for mass 3 × 104M⊙ and 3 × 10
5M⊙, provided by the
Padova group (Girardi et al. 2000). In the case of the
spur region, we plotted only the bright sources located
along the dust lane with spurs, as denoted by circles in
the bottom-right panel of Figure 1.
Figure 5 shows several interesting features. First,
the most notable feature is that the brightest clusters
in the spur region are about two magnitudes brighter
than those in Star-forming Region A. While few sources
in Star-forming Region A are brighter than V ≈ 25 mag
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Fig. 5.— CMDs for the detected sources in the (a) spur region and (b) Star-forming Region A. Solid lines represent the SSP models
for solar metallicity and masses of 104.5M⊙ and 105.5M⊙ in (a), and stellar isochrones for Log(age) = 6.8 and solar metallicity in (b),
provided by the Padova group. Crosses along the SSP models represent the evolutionary stages for Log(age) = 6.8, 7.0, 8.0, 9.0, and 10.0
respectively. The symbols used are the same as in Fig. 4. Note that a majority of the detected sources in these regions are extended and
that the brightest blue sources with V ≤ 25 mag (MV ≤ −10 mag) are seen mostly in the spur region. This indicates that massive star
clusters or complexes are preferentially formed in the spur region rather than in Star-forming Region A.
(MV ≈ −9.7 mag at the distance of NGC 4921), a num-
ber of clusters in the spur region are brighter than this
magnitude, with some as bright as V ≈ 23 (MV ≈ −11.7)
mag. The brightest clusters in the spur region are mostly
bluer than (V − I) = 0.5. About a half of the brightest
clusters with V . 25 mag in the same region are bluer
than (V − I) = 0.0, showing that they suffer little from
interstellar reddening and that they are very young. The
color of most bright blue star clusters in the spur region
ranges from (V − I) ≈ −0.6 to ≈ 0.4, while those of the
SSP models for the two youngest ages, Log(age)=6.8 and
7.0, are (V − I) ≈ −0.1 and ≈ 0.4. If the star clusters
with (V −I) ≈ 0.5 have an age of about 10 Myr, internal
reddening must be negligible. Or, they may suffer an in-
ternal reddening of E(V − I) ≈ 0.5, if they have an age
of about 6 Myr. Thus, most of the brightest clusters in
this spur region are thought to be younger than 10 Myr.
This indicates that massive star clusters are formed pref-
erentially in the spur region than in Star-forming Region
A, and that a major population of the star clusters in
Star-forming Region A are older (≈ 100 Myr) than those
in the spur region. However, there are 11 blue clusters
((V − I) ≤ 0.0) in the same region that are brighter
than V = 26 mag, showing that they were formed as
recently as those in the spur region. Comparison with
the SSP models indicates that the bright star clusters
detected in the spur region have masses from 3× 104M⊙
to 3× 105M⊙.
Second, the bright clusters (with V ≤ 26 mag) in
the spur region are, on average, bluer than those in
Star-forming Region A. The peak (or mean) color of
the sources is (V − I) ≈ 0.0 for the spur region, and
(V − I) ≈ 0.4 for the star-forming region A. This indi-
cates that the star clusters in the spur region are, on aver-
age, younger than those in Star-forming Region A. Third,
most of the detected sources in these regions are extended
sources, so that they are star complexes or large star clus-
ters that are larger than the GCs. Fourth, most of the
point sources are fainter than V ≈ 27.0 (MV ≈ −7.8)
mag. Their location is roughly consistent with the the-
oretical isochrone for solar metallicity and Log(age)=6.8
from the Padova group. Thus most of the faint point
sources are young massive supergiants, while some of
them may be unresolved star clusters. These results show
that massive star clusters (complexes) were formed pref-
erentially in the spur region compared with the normal
star-forming region without spurs.
A comparison of the CMDs in Figure 5 with
that for the stars in similar regions given by
Tikhonov & Galazutdinova (2011) (their Fig. 9)
show significant differences. It is noted that
Tikhonov & Galazutdinova (2011) presented a single
CMD for both regions, so that we cannot distin-
guish between the spur regions and star-forming re-
gions in their Figures 7 and 8. Furthermore, the CMD
of Tikhonov & Galazutdinova (2011) shows no sources
brighter than I ≈ 25 mag, while our CMDs show
a large number of brighter sources. The CMD of
Tikhonov & Galazutdinova (2011) is similar to that of
the point and compact sources in our Figure 5. This is
because Tikhonov & Galazutdinova (2011) selected only
pointlike sources. They considered the pointlike sources
in these regions as stars, and not as star clusters. How-
ever, most of the sources we detected in these regions are
extended clusters.
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TABLE 2
Summary of GMM testsa for the GC candidates in NGC 4921 and in NGC 4923
Blue GCs Red GCs
Region Mean σ Number Mean σ Number p D
All 0.937 ± 0.010 0.112 ± 0.007 493 ± 30 1.200± 0.016 0.112 ± 0.007 200 ± 30 7.69e-11 2.35± 0.18
Bulge 1.069 ± 0.049 0.133 ± 0.014 108 ± 33 1.209± 0.052 0.133 ± 0.014 55± 33 8.92e-01 1.05± 0.62
Disk 0.914 ± 0.016 0.113 ± 0.009 214 ± 19 1.181± 0.026 0.113 ± 0.009 100 ± 19 1.89e-04 2.36± 0.28
Halo 0.898 ± 0.012 0.078 ± 0.014 126± 4 1.226± 0.149 0.078 ± 0.014 7± 4 2.15e-09 4.18± 2.20
NGC 4923 0.965 ± 0.030 0.080 ± 0.021 60± 11 1.141± 0.084 0.080 ± 0.021 21± 11 7.56e-02 2.21± 1.32
a Based on the homoscedastic (same variance σ) option. p represents the probability for unimodality, and D is the difference
in color between the two peaks.
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Fig. 6.— (V − I) color histograms for the point and compact
sources (C ≤ 1.5) with V ≤ 27 mag in the (a) bulge, (b) disk, and
(c) halo of NGC 4921, and in (d) NGC 4923. In each panel, the
hatched and filled histograms indicate the V − I color distribution
for the sources in the entire field and selected fields. Note that
most of the sources with (0.7 < (V − I) < 1.4) are GCs.
3.2. Color Distribution of the GCs
In Figure 6 we display the color distribution of the
point and compact sources with V ≤ 27 mag and 0.6 <
(V − I) ≤ 1.5 in the four regions as well as in the entire
region (hatched histograms). A majority of the sources
have colors of 0.7 < (V − I) < 1.4, typical for the GCs
so that they are considered to be the GCs in NGC 4921.
The color distribution of the GCs in the entire region is
clearly bimodal with two peaks at (V − I) ≈ 0.9 and
≈ 1.15. This shows that there are two groups of GCs:
blue (metal-poor) and red (metal-rich) GCs. This figure
shows significant variations among the selected regions.
First, the most dominant population in the bulge region
is the red GCs (with a peak color at (V − I) ≈ 1.15),
while in the halo region is the blue GCs (with a peak
color at (V − I) ≈ 0.9). Second, the disk GCs show two
comparable components, blue and red. Third, the GCs
in NGC 4923 show a blue peak color at (V − I) ≈ 0.95,
slightly redder than the blue peak for the halo GCs in
NGC 4921, (V −I) ≈ 0.9. NGC 4923 also shows a weaker
red peak at (V − I) ≈ 1.13.
We tested and quantified the bimodality of the color
distributions using the Gaussian Mixture Modelling
(GMM) program provided by Muratov & Gnedin (2010),
summarizing the results in Table 2. The probability for
the unimodal distribution (p) and the difference of two
peaks (D) are two useful indicators when testing the
bimodality of the data. The condition, p < 0.1%, is
used for non-unimodal distributions, and another con-
dition, D > 2, is for clear bimodality. We adopted a
homoscedastic case (same variance) for bimodality.
These tests show that a unimodal distribution is re-
jected for the entire sample, the disk sample, and the
halo sample of NGC 4921, with a confidence level better
than 0.1%. The D values for these samples are larger
than two, showing that they show a bimodality. On the
other hand, the bulge sample shows a unimodality. The
NGC 4923 sample shows p = 7.6%, larger than 0.1%.
Its D value is 2.21 ± 1.32, indicating a bimodality, but
with a large error. The peak values and variances of
the blue and red GCs are (V − I) = 0.937 ± 0.010 and
1.200± 0.016 for the entire sample of NGC 4921. Simi-
larly, the peak values and variances of the blue and red
GCs are (V −I) = 0.914±0.016 and 1.181±0.026 for the
disk sample, (V − I) = 0.898± 0.030 and 1.226± 0.149
for the halo sample, and (V − I) = 0.965 ± 0.030 and
1.141 ± 0.084 for the NGC 4923 sample. The blue and
red peak colors for the entire sample of NGC 4921 are
(V − I)0 = 0.915 and 1.178, respectively, after correction
for foreground reddening E(V − I) = 0.022. These two
values correspond to the metallicities of [Fe/H] = −1.48
and −0.10, respectively, if we use the transformation for
GCs, [Fe/H]= 5.2267(V −I)0−6.2613 based on the Milky
Way GCs (Waters et al. 2009).
3.3. GCLFs
We selected the point sources and compact sources
with 0.7 < (V − I) ≤ 1.4 to be GCs. We then derived V
and I-band GCLFs for the NGC 4921 bulge region, the
NGC 4921 halo region (excluding NGC 4923), and NGC
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Fig. 7.— V -band (left panels) and I-band (right panels) LFs of all GCs (0.7 < (V − I) ≤ 1.4) in the bulge and halo of NGC 4921, and
of all GCs in NGC 4923. The curved lines represent the results of from Gaussian fitting. Only the bright parts of the GCLFs were used
for fitting, as shown by the solid curved lines. Turnover magnitudes are labeled in each panel. The 50 % completeness limiting magnitudes
are V = 28.1 mag (I = 27.1 mag for (V − I) = 1.0) for the bulge region, and V = 29.5 mag (I = 28.5 mag) for the halo region.
TABLE 3
Summary of Gaussian Fits for LFs of all GCs in NGC 4921 and in NGC 4923
Region
V I
Center Width Na
total
Center Width Na
total
NGC 4921 bulge, 6′′ < R ≤ 17′′ 27.32 ± 0.13 1.05± 0.11 395± 37 26.20 ± 0.11 1.06± 0.10 370 ± 30
NGC 4921 halo, 70′′ < R ≤ 160′′ 27.11 ± 0.09 0.99± 0.08 267± 20 26.21 ± 0.11 1.03± 0.08 277 ± 20
NGC 4923, RN4923 ≤ 1
′ 27.18 ± 0.09 0.79± 0.09 151± 15 26.39 ± 0.13 1.00± 0.12 174 ± 17
a The errors for the numbers are from the fitting errors for the integration of Gaussian functions provided by
IDL/mpfitexpr.
4923. Figure 7 displays the LFs for all GCs in each
region. We plotted the GCLFs before and after com-
pleteness correction using the completeness test results.
The completeness correction is significant in the faint end
for the bulge region, but is negligible for the halo region.
The GCLFs show a turnover (peak) at V ≈ 27.2 mag
(I ≈ 26.2 mag), and decrease thereafter. The excess in
the faint sources with V > 28.2 mag (I > 27.2 mag) is
most likely due to background sources. We fit the GCLFs
for all GCs with V ≤ 28 mag (I ≤ 27 mag) where incom-
pleteness of our photometry is not significant, and listed
the fitting parameters inTable 3: V (max) = 27.32±0.13
mag and σ = 1.05±0.11 for the bulge sample, V (max) =
27.11±0.09 mag and σ = 0.99±0.08 for the halo sample,
and V (max) = 27.18± 0.09 mag and σ = 0.79± 0.09 for
the NGC 4923 sample. Similarly for I-band data, we ob-
tain I(max) = 26.20± 0.11 mag and σ = 1.06± 0.10 for
the bulge sample, I(max) = 26.21 ± 0.11 mag and σ =
1.03±0.08 for the halo sample, and I(max) = 26.39±0.13
mag and σ = 1.00±0.12 for the NGC 4923 sample. Thus
the turnover magnitudes for all GCs in the different re-
gions are similar.
We divided the GC sample into two subgroups accord-
ing to their color: blue (metal-poor) GCs are those with
0.7 < (V −I) ≤ 1.05, and red (metal-rich) GCs are those
with 1.05 < (V − I) ≤ 1.40. We derived the GCLFs for
the blue GCs in the NGC 4921 bulge and halo regions,
and in NGC 4923. In the case of the NGC 4921 bulge
region, we also presented the GCLF for the red GCs. Fit-
ting results for these GCLFs with Gaussian functions are
summarized in Table 4. Figure 8 shows V and I-band
GCLFs for the blue and red GCs in these regions. In the
NGC 4921 halo region and in NGC 4923, the turnover
magnitudes for the blue GCs are similar to those of all
GCs. This is because these regions are dominated by the
blue GCs.
The blue GCs in the NGC 4921 halo region and in NGC
4923 are considered to be the best sample for estimating
the turnover magnitude of the GCLFs for the blue GCs.
In the case of disk galaxies, GCs are mainly composed
of metal-poor GCs in the halo and of metal-rich GCs in
the bulge. The turnover magnitudes of the metal-rich
GCs are known to be fainter than those of the metal-
poor GCs in some galaxies (Di Criscienzo et al. 2006;
Rejkuba 2012). Therefore the GCLFs of the metal-poor
GCs are considered a better standard candle than those
of the entire GCs or the GCLFs of the metal-rich GCs
(Di Criscienzo et al. 2006; Rejkuba 2012).
The turnover magnitudes of the GCLFs for the blue
GCs are determined to be V (max) = 27.10 ± 0.11 mag
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Fig. 8.— V -band (left panels) and I-band (right panels) LFs of the red GCs in the bulge of NGC 4921, the blue GCs in the bulge
and in the halo of NGC 4921, and the blue GCs in NGC 4923. The filled and hatched histograms represent the GCLFs before and after
completeness correction, respectively. The curved lines represent the results from Gaussian fitting. Only the bright parts of the GCLFs
were used for fitting, as shown by the solid curved lines. Turnover magnitudes are labeled in each panel.
TABLE 4
Summary of Gaussian Fits for LFs of the Blue and Red GCs in NGC 4921 and in NGC 4923
Galaxy Color Region
V I
Center Width Ntotal Center Width Ntotal
NGC 4921 red, 1.05 < V − I ≤ 1.40 bulge, 6′′ < R ≤ 17′′ 27.33± 0.19 1.11± 0.16 240 ± 32 26.18± 0.22 1.13 ± 0.17 237± 35
NGC 4921 blue, 0.70 < V − I ≤ 1.05 bulge, 6′′ < R ≤ 17′′ 27.42± 0.25 0.89± 0.21 129 ± 14 26.61± 0.27 0.89 ± 0.27 132± 15
NGC 4921 blue, 0.70 < V − I ≤ 1.05 halo, 70′′ < R ≤ 160′′ 27.10± 0.11 0.99± 0.12 236 ± 22 26.18± 0.11 0.99 ± 0.12 234± 22
NGC 4923 blue, 0.70 < V − I ≤ 1.05 RN4923 ≤ 1
′ 27.21± 0.16 0.95± 0.17 110 ± 15 26.38± 0.24 1.06 ± 0.23 116± 21
Mean of NGC 4921 halo and NGC 4923 for blue GCs 27.14± 0.09 0.98± 0.10 26.21± 0.10 1.00 ± 0.11
and I(max) = 26.18± 0.11 mag for the NGC 4921 halo
region, and V (max) = 27.21 ± 0.16 mag and I(max) =
26.38 ± 0.24 mag for NGC 4923. The mean values of
these two are V (max) = 27.14± 0.09 mag and I(max) =
26.21± 0.10 mag. In contrast, the red GCs in the NGC
4921 bulge region are considered to be the best sample
for estimating the turnover magnitude of the GCLFs for
the red GCs: V (max) = 27.33± 0.19 mag and I(max) =
26.18 ± 0.22 mag. Note that the turnover magnitudes
for the red GCs in the NGC 4921 bulge are not much
different from those for the blue GCs in NGC 4921. This
is in strong contrast to the GCs in the Milky Way.
3.4. Spatial Distribution of the GCs
In Figure 9(b) we plot the spatial distribution of the
bright GCs with V ≤ 27 mag in NGC 4921 and in NGC
4923. The blue GCs and red GCs are marked with dif-
ferent symbols. We also displayed the spatial distribu-
tion of the very blue compact and extended clusters with
V ≤ 28 mag and (V −I) < 0.5 (bluer than the GCs in the
same field) for comparison in Figure 9(a). Note that
the red GCs of NGC 4921 are found mostly in the bulge
and disk region, showing a strong central concentration,
while the blue GCs of NGC 4921 show a much weaker
central concentration. NGC 4923 contains both blue and
red GCs. The spatial distributions of the GCs are signif-
icantly different from those of the very blue sources. The
very blue sources show strong concentrations in the spi-
ral arm regions, and only few of them are found in the
bulge region. This suggests that most of these sources
are young star clusters in NGC 4921. It is noted that
the concentration of these blue sources is significantly
stronger in the spur region than in other regions. On
the other hand, the distribution of these blue sources is
almost uniform in the halo region and they have color
(V − I) > −0.1 (see Figure 4), indicating that the very
blue sources in the halo region are mainly background
sources.
Using the same samples as used for studying the
GCLFs, we derived the radial number density distribu-
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Fig. 10.— Radial number density distributions of the bright GCs
(with V ≤ 27 mag) in NGC 4921. Open circles, filled circles, and
open squares represent the all GCs, blue GCs, and red GCs, re-
spectively. We subtracted the contribution due to the background
using the control field at R > 1.′7. Note that the red GCs are
located mostly at R < 1′, while the distribution of the blue GCs is
much more extended. The solid line is the V -band surface bright-
ness profile shifted arbitrarily. The dashed lines represent the Ser-
sic law fitting results for the GCs: n = 1.93 ± 0.62 for all GCs,
n = 1.28± 0.52 for the blue GCs, and n = 1.60 ± 0.65 for the red
GCs.
tion for the blue GCs, red GCs, and all GCs, respectively,
as shown in Figure 10. We used only the bright GCs
with V ≤ 27 mag. We estimated the background lev-
els using the sources with the same ranges of colors and
magnitudes at R > 1.′7 excluding the 1′ region from the
center of NGC 4923.
The radial profile of the red GCs in Figure 10 is
steep in the inner region (R ≤ 0.′95), flattens in the
outer region at 0.′95 < R ≤ 1.′15, and declines rapidly
at R > 1.′15. The radial profile of the blue GCs is much
flatter than that of the red GCs. These results show
that the red GCs in the inner region mostly belong to
the bulge of NGC 4921, while most of the red GCs at
R > 0.′8 are most likely disk clusters. The blue GCs in
the outer region mostly belong to the halo.
The radial profiles can be roughly described by the
Sersic law (Se´rsic 1963). We fit these profiles with a
Sersic law with an index n (Se´rsic 1963), plotting them by
the dashed lines: n = 1.93± 0.62 and reff = 0
′.41± 0′.04
for all GCs, n = 1.28±0.52 and reff = 0
′.66±0′.10 for the
blue GCs, and n = 1.60±0.65 and reff = 0
′.26±0.′.05 for
the red GCs. Thus the effective radius of the blue GC
system is more than twice larger than that of the red GC
system.
3.5. Surface Photometry of NGC 4921
We derived radial profiles of V and I-band surface
brightness of NGC 4921 using IRAF/ELLIPSE from the
same HST images. We estimated the background level
using the outermost regions in the image (R > 1.′7), and
masked out large sources except for NGC 4921 before
applying ELLIPSE. We fixed the values of the galaxy
center and set other parameters to be free during the
ELLIPSE fitting.
Figure 11 shows the V and I-band surface brightness
profiles of NGC 4921. Both profiles look similar. The
surface brightness profiles show a break at R1/4 ≈ 0.6
(R ≈ 8′′). These profiles become flatter and show an-
other break at R1/4 ≈ 1.0 (R ≈ 60′′), becoming very
steep at R > 1′. The inner part of the radial pro-
files represents a bulge component, and the outer part
shows a disk component. We fit the surface bright-
ness profiles with a two component Sersic law (Se´rsic
1963). The bulge is fit well using a deVaucouleurs law
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Fig. 11.— Radial surface brightness profiles of NGC 4921 for
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(n = 5.45±0.07) and the outer region is fit using an expo-
nential disk law (n = 0.34± 0.01). The V -band disk sur-
face brightness reaches µV = 30 mag arcsec
−2 at R ≈ 2′,
which is close to the boundary of the field. We plot-
ted the V -band surface brightness profile of NGC 4921
for comparison with the radial number density profiles of
the GCs in Figure 10. The V -band surface brightness
profile of the inner region (R < 0.′8) of NGC 4921 is sim-
ilar to the radial number density profile of the blue GCs
in the same galaxy, while the surface brightness profile
of the outer region (0.′5 < R < 1.′0) is steeper than that
of the blue GCs.
4. DISCUSSION
4.1. Distances to NGC 4921 and NGC 4923
The distance to NGC 4921 is not yet well-known.
Using the GCLFs derived from the HST images,
Tikhonov & Galazutdinova (2011) estimated a distance
to the pair of NGC 4921 and NGC 4923. They found
turnover magnitudes of V (max) = 27.4 mag for the in-
ner region of NGC 4921 (10′′ < R < 25′′), and V (max) =
27.5 mag for NGC 4923. They did not provide any errors
for these values. Adopting MV (max) = −7.5 mag, they
obtained a distance modulus of (m−M)0 = 34.9 for NGC
4921 and (m −M)0 = 35.0 for NGC 4923. They then
presented a mean value of 97 ± 5 Mpc for the distance.
However, note that they recorded a value of V (max) =
27.5 mag for the peak magnitude of NGC 4923 in their
manuscript, but Figure 4 in their paper shows that the
peak they marked for NGC 4923 is at V (max) = 27.0
mag, 0.5 mag brighter than the value they used for anal-
ysis. If the latter is adopted, the distance modulus for
NGC 4923 will be (m −M)0 = 34.5, and the mean dis-
tance modulus of the two galaxies will be (m −M)0 =
34.65. If the value for NGC 4923 in their Figure 4 is
adopted, the values of the turnover magnitudes for all
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Fig. 12.— I-band magnitude vs. Concentration index (C) di-
agram and histograms for the detected sources in NGC 4921 (a),
NGC 4874 (b), and NGC 4889 (c). The gray region and light gray
region represent the point sources and the compact sources, respec-
tively. Note that each galaxy shows a dominant concentration at
C ≈ 1.38 (NGC 4921), and ≈ 1.46 (NGC 4874 and NGC 4889).
The sources with C < 1.6 in NGC 4874 and NGC 4889 are mostly
resolved GCs.
the GCs in the bulge region (V (max) = 27.32 ± 0.13
mag), and in NGC 4923 (V (max) = 27.18 ± 0.09 mag)
in this study are in a reasonable agreement with those in
Tikhonov & Galazutdinova (2011).
We adopt the calibration of the turnover V -band
magnitudes for the metal-poor (blue) GCs given
by Di Criscienzo et al. (2006) and Rejkuba (2012):
MV (max) = −7.66 ± 0.09 mag. This leads to the I-
band calibration of MI(max) = −8.56 ± 0.09 mag for
(V − I)0 = 0.9 (the peak color of the blue GCs in NGC
4921). Applying the V -band calibration for the blue
GCs, we determine the distances to NGC 4921 and NGC
4923: (m−M)0 = 34.73±0.14 (d = 88.3±5.8 Mpc), and
(m −M)0 = 34.84± 0.18 (d = 93.0 ± 7.9 Mpc), respec-
tively. If we use the I-band calibration, we obtain similar
values: (m−M)0 = 34.73±0.14 (d = 88.3±5.8 Mpc) for
NGC 4921, and (m−M)0 = 34.93±0.26 (d = 96.8±11.4
Mpc) for NGC 4923.
4.2. Comparison with Coma cD Galaxies and the
Hubble Constant
Coma has long been used as an excellent target to es-
timate the Hubble constant. However it is about five
times more distant than Virgo, so the determination of
the distances to its member galaxies is much more diffi-
cult. The GCLF is one of the useful distance indicators
for Coma galaxies. Deep HST/ACS images enabled us to
measure the turnover magnitudes of the GCLFs for NGC
4921 and NGC 4923 much more accurately than for other
Coma galaxies studied previously (Kavelaars et al. 2000;
Harris et al. 2009). For comparison, we studied two more
Coma galaxies for which deep images are available in the
archive: NGC 4874 and NGC 4889, two cD galaxies in
the central region of Coma.
We analyzed the HST/ACS F475W(g) and F814W(I)
images of NGC 4874 and NGC 4889, in the archive (PIDs
: 11711 and 10861). We combined the images of these
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Fig. 13.— I− (V − I) CMDs for the point and compact sources (slightly extended sources, C ≤ 1.6) in the 0.′1 < R ≤ 2.′0 region of NGC
4874 (a) and NGC 4889 (b). The solid lines represent the color distribution of the bright sources with I ≤ 26.0. Note that most of the
sources with 0.7 < (V − I) < 1.4 are GCs.
galaxies with a pixfrac value of 1.0, and a pixel scale of
0.′′05 for F475W and 0.′′03 for F814W. The total exposure
times of NGC 4874 are 5,071 s for F475W and 11,825 s
for F814W, and those of NGC 4889 are 4,770 s for F475W
and 9,960 s for F814W. These exposure times are much
shorter than those for the NGC 4921 images. However,
the images of these elliptical galaxies suffer much less
crowding than those of NGC 4921, which is an almost
face-on spiral galaxy. We obtained photometry of the
sources in these images using the same procedure as for
NGC 4921. We converted F475W/F814W systems onto
the Johnson-Cousins V I system using the transformation
relations given in Bernard et al. (2009).
Figure 12 plots I-band magnitudes versus concentra-
tion index C values for the sources with I ≤ 27.0 mag in
NGC 4874 and NGC 4889 in comparison with NGC 4921.
The histograms of the C values are also overlaid. The
histograms of the C values for NGC 4874 and NGC 4889
show a vertical sequence of bright sources with I < 24
mag at C ≈ 1.40 (the gray shaded regions). The sources
in this sequence are point sources, most of which are fore-
ground stars. This value is about 0.2 larger than that
for NGC 4921. This difference is considered to result
from the difference in the value of pixfrac used for the
image combining (0.7 for NGC 4921, and 1.0 for NGC
4874 and NGC 4889). The histograms of the C values
for NGC 4874 and NGC 4889 show a dominant peak
at C ≈ 1.45, which is about 0.05 larger than the value
for the point sources in the same galaxies. The sources
in this dominant component are slightly extended (com-
pact) and those with C < 1.6 are mostly GCs in these
galaxies. Thus a significant fraction of the GCs in these
galaxies are resolved in the images we used. We used I-
band magnitudes for the analysis of the GCLFs of these
galaxies in the following, because the I-band data for
these galaxies were obtained using the same F814W fil-
ters as used for NGC 4921 and NGC 4923.
Figure 13 displays the CMDs of the detected sources
with 1.2 < C ≤ 1.6 in NGC 4874 and in NGC 4889.
These sources are located at 0.′1 < R < 2.′0 from the
center of each galaxy. The CMDs show that most of
the bright sources (I ≤ 27.0 mag) have colors 0.7 <
(V − I) < 1.4 and that they are mostly GCs in these
galaxies. We also plotted the color distribution of the
bright sources with I ≤ 26 mag with histograms. The
color distribution is clearly bimodal, showing peaks at
(V − I) ≈ 0.95 and 1.1 for NGC 4874 and NGC 4889.
We divided the GC sample into two groups according to
their color: blue GCs (0.70 < (V − I) ≤ 1.05) and red
GCs 1.05 < (V − I) ≤ 1.4. Then we derived the GCLFs
for these blue and red GCs in NGC 4874 and NGC 4889.
In Figure 14 we plot the I-band GCLFs for the blue
GCs and red GCs in NGC 4874 and NGC 4889. The
GCLFs for the blue GCs in the NGC 4921 halo and
those for the red GCs in the NGC 4921 bulge are also
included for comparison. We plotted the GCLFs before
and after completeness correction by filled and hatched
histograms, respectively. In the case of NGC 4874 and
NGC 4889, we used the sources at 0.′1 < R ≤ 2.′0 in de-
riving their GCLFs. The 50% completeness limit of these
sources is I ≈ 28.0 mag for NGC 4874 and 4889. The
GCLFs follow approximately Gaussian functions. We
fitted the GCLFs with Gaussian functions, listing the re-
sults in Table 5. We used only the bright part of the
GCLFs with I ≤ 27.2 for fitting, where incompleteness
is not significant.
A few important features in these figure and table are
noted. First, the GCLFs of NGC 4874 and NGC 4889
show a clear peak at I ≈ 26.3 mag and show a Gaussian
form more than one magnitude thereafter. Second, the
Star Clusters in NGC 4921 13
0
10
20
30
40
N
0
200
400
600
N
24 25 26 27
I
0
200
400
600
N
24 25 26 27
I
(a) NGC 4921, Halo
(b) NGC 4874
(c) NGC 4889
(d) NGC 4921, Bulge
(e) NGC 4874
(f) NGC 4889
Blue
Blue
Blue
GCs
GCs
GCs
Red
Red
Red
GCs
GCs
GCs
26.18
26.25
26.26
26.18
26.25
26.20
Fig. 14.— (Left panels) I-band LFs of the blue GCs in the halo of NGC 4921, and in the regions at 0.′1 ≤ R < 2.′0 of NGC 4874 and
NGC 4889. (Right panels) I-band LFs of the red GCs in the bulge of NGC 4921, and in the regions at 0.′1 ≤ R < 2.′0 of NGC 4874 and
NGC 4889. The filled and hatched histograms represent the GCLFs before and after completeness correction, respectively. The curved
lines represent the Gaussian fitting results. Only the bright parts of the GCLFs were used for fitting, as shown by the solid curved lines.
The 50% completeness limiting magnitude for NGC 4874 and NGC 4889 is I ≈ 28.0 mag.
TABLE 5
Summary of Gaussian Fits for GCLFs of Coma Galaxies
Galaxy Color Region
I
Center Width Ntotal
Blue GCs
NGC 4921 0.70 < V − I ≤ 1.05 70′′ < R ≤ 160′′ 26.18 ± 0.11 0.99± 0.12 234 ± 22
NGC 4923 0.70 < V − I ≤ 1.05 R ≤ 1′ 26.38 ± 0.24 1.06± 0.23 116 ± 21
NGC 4874 0.70 < V − I ≤ 1.05 6′′ < R ≤ 120′′ 26.25 ± 0.04 1.21± 0.04 5595 ± 148
NGC 4889 0.70 < V − I ≤ 1.05 6′′ < R ≤ 120′′ 26.26 ± 0.03 1.20± 0.03 7047 ± 167
Weighted mean(3) excluding NGC 4923 26.25 ± 0.03 1.19± 0.02
Weighted mean(4) including NGC 4923 26.25 ± 0.03 1.21± 0.02
For (V − I)0 = 0.9 and MI = −8.56± 0.09 (m −M)0 = 34.80± 0.09
For MV = −7.66± 0.09 (m −M)0 = 34.78± 0.09
Red GCs
NGC 4921 1.05 < V − I ≤ 1.40 6′′ < R ≤ 17′′ 26.18 ± 0.22 1.13± 0.17 237 ± 35
NGC 4874 1.05 < V − I ≤ 1.40 6′′ < R ≤ 120′′ 26.25 ± 0.04 1.15± 0.04 4420 ± 121
NGC 4889 1.05 < V − I ≤ 1.40 6′′ < R ≤ 120′′ 26.20 ± 0.05 1.15± 0.05 3031 ± 97
Weighted mean(3) 26.23 ± 0.03 1.15± 0.03
I-band turnover magnitudes for the blue GCs in NGC
4921 and in NGC 4923 are remarkably similar to those
for the two cD galaxies: I(max) = 26.18± 0.11 mag for
NGC 4921, 26.38± 0.24 mag for NGC 4923, 26.25± 0.04
mag for NGC 4874 and 26.26± 0.03 mag for NGC 4889.
We derive a weighted mean value for these four galax-
ies, I (max) = 26.25 ± 0.03 mag. Here the error is a
mean value of the weighted errors for the four measure-
ments. Third, the turnover magnitudes for the blue GCs
are very similar to those for the red GCs in NGC 4874
and NGC 4889: I(max) = 26.25 ± 0.04 mag for NGC
4874 and 26.20 ± 0.05 mag for NGC 4889. Fourth, the
turnover magnitudes for the red GCs in NGC 4874 and
NGC 4889 are also similar to those for the red GCs in
the NGC 4921 bulge, I (max) = 26.18± 0.22 mag. The
weighted mean value for the red GCs in the NGC 4921
bulge, NGC 4874 and NGC 4889 is I (max) = 26.23±0.03
mag. Thus the turnover magnitudes for the blue GCs
are little different from those for the red GCs in these
galaxies. Fifth, the weighted mean values of the Gaus-
sian widths for these galaxies are σ = 1.21± 0.02 for the
blue GCs, and σ = 1.15 ± 0.03 for the red GCs. These
values are consistent with those in the previous studies
for the Milky Way Galaxy and M87 (Peng et al. 2009;
Rejkuba 2012). However, they are smaller than the value
for Coma galaxies, σ ≈ 1.4±0.1, Kavelaars et al. (2000),
Woodworth & Harris (2000), and Harris et al. (2009) de-
rived from shallower data.
4.2.1. GCLFs for Virgo and Coma Galaxies
The best data for the GCLFs of massive early-type
galaxies in the Virgo cluster is available for M87, a cD
galaxy located close to the cluster center. Peng et al.
(2009) studied the GCLF for M87 from HST/ACS
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F606W and F814W images, presenting turnover magni-
tudes: I0(max) = 22.53± 0.05 mag and σ = 1.37± 0.04
for the entire sample of GCs, I0(max) = 22.24±0.06 mag
and σ = 1.25 ± 0.05 for the blue GCs ((V − I) < 1.04),
and I0(max) = 22.77 ± 0.09 mag and σ = 1.45 ± 0.06
for the red GCs ((V − I) > 1.04). The result for all
GCs is consistent with that given by Kundu et al. (1999),
I0(max) = 22.55 ± 0.06 mag. However, the large differ-
ence in the I-band turnover magnitudes between the blue
GCs and red GCs in M87 (0.53 mag) is in strong con-
trast with the results for Coma galaxies showing little
difference between the two subpopulations in this study.
At this moment, the reason for this large discrepancy
between M87 and Coma galaxies is not known.
Adopting the distance modulus (m − M)0 = 31.09
(16.5 Mpc) for M87, Peng et al. (2009) obtained abso-
lute turnover magnitudes: MI(max) = −8.56 ± 0.05
mag for all GCs, MI(max) = −8.85 ± 0.06 mag for
the blue GCs, and MI(max) = −8.32 ± 0.09 mag for
the red GCs. Their value for the blue GCs is 0.29 mag
brighter than the calibration value adopted in this study,
MI(max) = −8.56± 0.09 mag.
Peng et al. (2009) adopted a distance for the Virgo as
the distance to M87, assuming that M87 is at the same
distance as the Virgo center. We checked the distance
to M87 to investigate any causes for the difference in the
absolute turnover magnitudes between M87 and Coma
galaxies. We obtained photometry of the resolved stars
in M87, from deep HST/ACS F606W/F814W images
of a field at 6′ from M87 available in the HST archive
(PID:12989), and used it to estimate the distance to M87
using the tip of the red giant branch (TRGB) method
(Lee et al. 1993). We determined the TRGB magnitude
to be at ITRGB = 26.85±0.05 mag. Applying the TRGB
calibration by Rizzi et al. (2007) to the TRGB magni-
tude corrected for foreground extinction (AI = 0.035)
and systematic photometric offset (∆I = 0.042), we de-
rived a distance to M87, (m −M)0 = 30.90 ± 0.13 and
d = 15.14±0.89 Mpc (Lee & Jang 2016, in preparation).
This value is ∼ 10% shorter than the value adopted in
Peng et al. (2009). If this distance is used, the turnover
magnitude for the blue GCs in M87 in Peng et al. (2009)
will be fainter to MI(max) = −8.66 ± 0.06 mag. This
value is consistent with the calibration value adopted in
this study, MI(max) = −8.56± 0.09 mag.
To date, GCLFs reaching fainter magnitudes than the
turnover magnitudes have been presented only for a small
number of galaxies in Coma. Kavelaars et al. (2000)
presented a GCLF for NGC 4874, from HST/WFPC2
F606W and F814W images, with V0(max) = 27.88±0.12
mag and σ = 1.49 ± 0.12 for all GCs. Assuming (m −
M)0 = 30.99 for Virgo and ∆(m −M)(Virgo-Coma)=
4.06 ± 0.11, they obtained (m − M)0 = 35.05 ± 0.13
(d = 102 ± 6 Mpc). Woodworth & Harris (2000) pub-
lished similar results for IC 4051 about two magnitude
fainter than NGC 4874: V0(max) = 27.8 ± 0.2 mag and
σ = 1.5 ± 0.1. These results were updated with bet-
ter data later: Harris et al. (2009) suggested a combined
GCLF from the HST/WFPC2 data of four giant ellipti-
cal galaxies (gEs) in Coma (NGC 4874, 4889, 4926, and
IC 4051), with a turnover magnitude Vmax = 27.71±0.07
mag and σ = 1.48. For a distance to Coma, (m−M)0 =
34.97 ± 0.13 (d = 98.6 ± 6.1 Mpc) based on the re-
cession velocity and the Hubble constant H0 = 72 ± 4
km s−1 Mpc−1, they derived MV (max) = −7.32 ± 0.13
mag after correction for extinction (AV = 0.03 mag) and
K-correction (KV = 0.03 mag (Kavelaars et al. 2000)).
This value is about 0.3 mag fainter than the calibration
adopted in this study.
However, the V -band turnover magnitudes of all GCs
in the NGC 4921 halo and NGC 4923 (V (max) = 27.11±
0.09, and 27.18 ± 0.09) in this study are 0.5 to 0.6 mag
brighter than the mean value for Coma galaxies given
by Harris et al. (2009). For the mean colors, (V − I) =
0.90 and 1.15 (for the blue and red GCs, respectively),
the mean value of the V -band turnover magnitudes for
four Coma galaxies in this study is V (max) = 27.15 ±
0.03 mag for the blue GCs, and V (max) = 27.38± 0.04
mag for the red GCs. These values are also 0.3 to 0.5
mag brighter than the Harris et al. (2009) value. These
differences are most likely due to the fact that the images
used in this study are deeper and have slightly higher
spatial resolutions than those used in the previous study.
Adopting MI(max) = −8.56± 0.09 for the metal-poor
(blue) GCs, we obtain distances, from the turnover mag-
nitudes for the blue GCs, (m−M)0 = 34.80± 0.10 (d =
91±4 Mpc) for NGC 4874, and (m−M)0 = 34.81±0.09
(d = 92±4 Mpc) for NGC 4889. These values are similar
to those for NGC 4921 and NGC 4923, showing that all
of them are at similar distances and that they are Coma
members. A mean distance for these four Coma galaxies
is (m−M)0 = 34.80±0.09 (91±4 Mpc). Here the error
is dominated by the systematic error of the calibration.
This value for the distance is slightly smaller than, but
consistent with, the value often adopted for Coma, 100
Mpc (Carter et al. 2008; Peng et al. 2011). At this dis-
tance, one arcmin corresponds to 27 kpc, and one arcsec
corresponds to 446 pc.
4.2.2. The Hubble Constant
Colless & Dunn (1996) suggested that the center of the
main Coma cluster is close to NGC 4874 with v = 6863
km s−1 and that the velocity dispersion of this region
is σv = 1082 km s
−1. They also suggested that a mi-
nor subgroup centered in NGC 4889 (v = 7339 km s−1)
with σv = 329 km s
−1 is falling into the cluster. The
mass of the latter group is estimated to be only 5–10%,
much smaller than the main cluster. Therefore the ra-
dial velocity of the main cluster is considered to be that
of the NGC 4874 group. The Coma velocity with re-
spect to the cosmic background radiation is 7085 ± 95
km s−1(Smith et al. 2004), which is similar to the value
adopted in Kavelaars et al. (2000).
From this value and the mean distance to Coma de-
rived in this study, we obtain a value for the Hubble
constant, H0 = 77.9 ± 3.6 km s
−1 Mpc−1, as summa-
rized in Table 6. This value is consistent with those
derived from Type Ia supernovae (SNe Ia) calibrated us-
ing Cepheids, H0 = 74 ± 3 km s
−1 Mpc−1(Riess et al.
2011; Freedman et al. 2012). However, it is slightly
larger than those based on WMAP and PLANCK obser-
vations of the cosmic microwave background radiation
(Bennett et al. 2013, 2014; Planck Collaboration et al.
2015) or baryonic acoustic oscillations, H0 = 68 ± 2
km s−1 Mpc−1, (Aubourg et al. 2014; Bennett et al.
2014). Note that the most recent value based on
PLANK observation is H0 = 67.8 ± 0.9 km s
−1
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TABLE 6
Estimation of the Hubble Constant
Parameter Value Remarks
Apparent turnover magnitude I(max) = 26.25± 0.03 Mean of four galaxies for the blue GCsa
Foreground extinction AI = 0.015 Schlafly & Finkbeiner (2011)
Intrinsic turnover magnitude I0 = 26.24 ± 0.03 This study
Absolute turnover magnitude MI(max) = −8.56± 0.09 Metal-poor MW GCs (Di Criscienzo et al. 2006)
b
True distance modulus (m−M)0 = 34.80± 0.09 This study
Coma distance d = 91± 4 Mpc This study
Coma velocity w.r.t. CMBR 7085 ± 95 km s−1 Smith et al. (2004)
Hubble Constant H0 = 77.9± 3.6 km s−1 Mpc−1 This study
a Mean for the blue GCs in NGC 4921, NGC 4923, NGC 4874 and NGC 4889.
b For the mean color of the blue GCs, (V − I) = 0.9.
c Error calculations: err(H0)/H0 =
√
((err(v)/v)2 + (err(d)/d)2), x = ((m −M)0 + 5)/5, err(d)/d = ln10 err(x) =
2.3025 err(x), err(x) = err((m−M)I + AI)/5 = 0.2
√
err(m)2 + err(MI)2 + err(AI)2.
Mpc−1(Planck Collaboration et al. 2015).
4.3. Morphological Transformation of NGC 4921
The distances to NGC 4921 and NGC 4923 in this
study are very similar, and their systemic velocities
(v = 5482 km s−1and 5454 km s−1) show little differ-
ence. The separation of these two galaxies in the sky is
only 2.′6, corresponding to a linear projected distance of
70 kpc at their distance. This indicates that these two
galaxies may be interacting with each other. The dis-
tances to these galaxies are also similar to those of two
main Coma galaxies (NGC 4874 and NGC 4889). This
shows that NGC 4921 and NGC 4923 are members of
the Coma cluster. The systemic velocity of NGC 4921 is
about 1500 km s−1 smaller than that of Coma, 6925 km
s−1 (NED). Therefore it is concluded that NGC 4921 as
well as NGC 4923 may be falling toward the Coma cen-
ter. During this passage NGC 4921 might have lost a
significant fraction of its gas due to ram pressure strip-
ping, becoming an anemic spiral galaxy, as suggested by
van den Bergh (1976).
Recently Kenney et al. (2015) provided a strong evi-
dence for ram pressure acting on NGC 4921, based on
the map of HI gas. They found that the distribution of
HI gas is asymmetric, being compressed in the northwest
side which is directed to the center of Coma, and that
the kinematics of the HI gas shows noncircular motion
in the northern outer region. They also found that the
HI gas is confined inside the stellar disk, and that the HI
gas content in this galaxy is only 10% of a normal galaxy.
Thus NGC 4921 may be in the morphological transition
from SBab to S0.
We estimated the total number of GCs in NGC 4921
from the GCLF. We integrated the bright half of the
GCLF for the entire field except for the region of NGC
4923 (RN4923 < 1
′), and doubled it to get the total num-
ber, N = 1400±200. Then we calculated the specific fre-
quency from this value and the total magnitude of NGC
4921, deriving SN = 1.29 ± 0.25. This value is higher
than the values for typical disk galaxies, and closer to
those for massive early-type galaxies (Peng et al. 2008).
As the stellar populations in NGC 4921 evolve, the total
luminosity of NGC 4921 gets fainter and its specific fre-
quency increases. This is consistent with the transitional
morphology of NGC 4921. When NGC 4921 becomes an
S0, it will be an example of a massive early-type galaxy
formed from a massive progenitor, not via multiple merg-
ing.
4.4. Massive Cluster Formation in Spurs
The terms ’feathers’ (Weaver 1970) and ’spurs’ (Lynds
1970) have been used interchangeably in the litera-
ture (Elmegreen 1980; Kim et al. 2002; La Vigne et al.
2006). La Vigne et al. (2006) summarized their defini-
tions based on observational papers as follows:“Feathers
are thin dust lanes or extinction features jutting out at
a large angle from the primary dust lanes (the inner side
of the arms), and spurs are bright chains of OB asso-
ciations and HII regions that extend out from the spi-
ral arms into the interarm”. However, the term ’spurs’
is often used to describe dust lane features rather than
stellar components. It is noted that feathers show few
star-forming regions, while spurs are involved often with
young star clusters as well as dust lanes (Renaud et al.
2013). The term ‘outgrowth’ has been also used to rep-
resent the spurs (Carlqvist 2013; Kenney et al. 2015).
There are numerous studies on the formation of mas-
sive star clusters ((Zhang & Fall 1999; Whitmore et al.
2010; Johnson et al. 2015) and references therein), and
some of them addressed the formation of spurs in asso-
ciation with star clusters. Numerical simulation stud-
ies suggested several mechanisms to explain the origin
of spurs. First, self-gravity was proposed as a mecha-
nism to form spurs by Chakrabarti et al. (2003). Later
Kelvin-Helmholtz instability was introduced to explain
wiggle structures in the arms seen in the simulations
by Wada & Koda (2004). Recently high resolution hy-
drodynamic simulations by Renaud et al. (2013) showed
that dense compact spurs were formed by the ejection
of the gas from the arms through Kelvin-Helmholtz in-
stability when the velocity gradient is strong (see their
Fig. 13), while beads are formed by self-gravity on
the spiral arms (see their Figs 12 and 14). Third,
Kim & Ostriker (2006) found from MHD simulations
that spurs are formed via magneto-Jeans instability asso-
ciated with strong spiral shock waves. Fourth, Kim et al.
(2014, 2015) suggested that gaseous feathers (spurs) in
grand-design spiral arms can be produced by the wig-
gle instability of spiral shocks in a galactic disk, and
that the wiggle instability is produced from the genera-
tion of vorticity at a deformed shock front, not from the
Kelvin-Helmholtz instability. Fifth, twisting of the mag-
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netized filaments and the resulting magnetic tension was
proposed to explain the features of spurs (outgrowths)
in NGC 4921 by Carlqvist (2013) (see their Fig. 14).
Sixth, ram pressure stripping acting on the magnetized
filaments was proposed to describe the properties of the
spurs in NGC 4921 by Kenney et al. (2015). In this sce-
nario, stars form in the dense gas clouds in the arm where
magnetic field has permeated. Then the gas in the arm is
stripped by ram pressure, and the dense clouds hosting
stars are left off from the arms. The surviving dust clouds
which bridge the stars and the arm appear as spurs.
All these scenarios addressed how the spurs are formed
in the presence or absence of star clusters, and they de-
pend on specifically when, where, and how star clus-
ters form at the tip of the spurs. Among these stud-
ies Kim et al. (2002) and Kim & Ostriker (2006) sug-
gested from their simulations that bound clouds with
M ≈ 107 M⊙ can form in the spurs. It is expected
that some of these bound clouds may collapse to form
massive star clusters with M ≈ 105 M⊙. However, the
spatial resolution in previous simulations was not high
enough to investigate the formation of individual star
clusters. Recent studies on NGC 4921 spurs by Carlqvist
(2013) and Kenney et al. (2015) addressed the proper-
ties of spurs, noting the presence of stars and star clus-
ters associated with spurs. However, they did not give
any photometric properties of the star clusters associ-
ated with the spurs. On the other hand, the study by
Tikhonov & Galazutdinova (2011) presented the CMD
of only the stars, not the star clusters, in the spur region
of NGC 4921.
In this study (Figure 5), we presented the CMD of the
star clusters in the spur region in comparison with that
in Star-forming Region A. Most of the bright sources de-
tected in these regions are extended star clusters (larger
than the GCs). The brightest clusters in the spur region
are much brighter than those in Star-forming Region A,
and they are younger than 10 Myr. The existence of
a number of young massive clusters found in the spur
region and their masses of M ≈ 105 M⊙ show indeed
that young massive star clusters are forming in the spur
region. This is consistent with the prediction for the for-
mation of bound clouds based on theoretical simulations
(Kim & Ostriker 2006).
What triggered formation of star clusters in the spur
region and when did it happen? Was it triggered by
spiral shock waves or by ram pressure? Were the spur
clusters formed before, during, or after the shock due to
ram pressure? The spatial distributions of the very blue
sources in Figure 9 shows that the concentration in the
spur region in the western arm of NGC 4921 is signifi-
cantly stronger than those in other regions. This indi-
cates that the cluster formation in the spur region might
have been triggered by shocks due to ram pressure. NGC
4921 provides a precious sample of star clusters that are
very useful to answer these questions with theoretical
models for the formation of spur clusters in the future.
5. SUMMARY AND CONCLUSION
We analyzed high resolution deep HST/ACS images of
NGC 4921 and a part of NGC 4923, after producing the
combined images using the AstroDrizzle package. Tak-
ing advantage of these high resolution drizzled images,
we resolve a significant fraction of GCs in NGC 4921,
the brightest spiral galaxy in Coma. We presented V I
photometry of young star clusters and complexes in the
spur and star-forming regions as well as GCs in the en-
tire field. In addition, we presented the GCLFs of two
cD galaxies in Coma. We combined the GCLFs with the
results for NGC 4921 and NGC 4923, deriving a mean
distance to Coma. Primary results are as follows.
1. The CMDs of the detected sources confirm the
presence of a rich GC system in NGC 4921 and
NGC 4923. The color distribution of the GCs in
NGC 4921 is bimodal.
2. The GCs in the halo (70′′ < R < 160′′) of NGC
4921 are mostly blue: on average, 0.3 mag bluer
((V − I) = 0.88) than those in the bulge (6′′ <
R ≤ 17′′, (V − I) = 1.15) of the same galaxy.
3. We found a number of extended bright star clusters
(star complexes) in the spur region of the arms.
They are much brighter and bluer than those in
Star-forming Region A, being as massive as M ≈
3 × 105M⊙. This shows that massive star clusters
withM ≈ 105M⊙ were formed recently in the spur
region, consistent with theoretical predictions.
4. The turnover magnitudes of the GCLFs for the
GCs in NGC 4921 and NGC 4923 are listed in
Tables 2 and 3. The turnover magnitudes of the
GCLFs for the blue GCs in the halo of NGC 4921
and NGC 4923 are similar. V (max) = 27.11± 0.09
mag and I(max) = 26.21±0.11 for NGC 4921, and
V (max) = 27.18± 0.09 and I(max) = 26.39± 0.24.
5. We also derived the GCLFs for two cD galaxies,
NGC 4874 and NGC 4889 from the HST/ACS im-
ages through the same method, obtaining turnover
magnitudes I(max) = 26.25±0.04 mag and 26.26±
0.03 mag for the blue GCs in NGC 4874 and NGC
4889, respectively (see Table 4). The turnover mag-
nitudes of the blue GCs show little difference from
those of the red GCs, I(max) = 26.25± 0.04 mag
and 26.26±0.03mag, respectively. These values are
similar to the results for NGC 4921 and NGC 4923.
The weighted mean values of these four galaxies
(NGC 4921, NGC 4923, NGC 4874 and NGC 4889)
are I(max) = 26.25 ± 0.03 for the blue GCs, and
I(max) = 26.23 ± 0.03 for the red GCs. For the
mean colors, (V − I) = 0.9 and 1.15 for the blue
and red GCs, respectively, corresponding V magni-
tudes are V (max) = 27.15± 0.03 for the blue GCs,
and V (max) = 27.38± 0.04 for the red GCs.
6. Adopting MV (max) = −7.66 ± 0.09 mag
for the metal-poor GCs ([Fe/H]< −1)
(Di Criscienzo et al. 2006), we obtained dis-
tances d = 88.3 ± 5.8 Mpc for NGC 4921 and
d = 93.0 ± 11.4 Mpc for NGC 4923. Using
MI(max) = −8.56 ± 0.09 mag for the metal-poor
GCs to the I-band GCLFs, we obtained a weighted
mean of the distances d = 91 ± 4 Mpc to the four
Coma galaxies.
7. From the mean distance of the four Coma galaxies
and the Coma radial velocity with respect to the
cosmic background radiation, we calculate a value
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of the Hubble constant to be H0 = 77.9 ± 3.6 km
s−1 Mpc−1.
8. We estimated the total number of GCs in NGC
4921, to be 1400±200 and the specific frequency of
GCs to be SN = 1.29± 0.25. Considering this and
the anemic morphology of NGC 4921, we suggest
that NGC 4921 is in the transition phase to an S0
galaxy.
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